Abstract-Animal and human studies suggest a potential link between acid-base status and blood pressure. Contemporary
H ypertension is the most important modifiable cardiovascular risk factor, contributing to one half of the coronary heart disease and approximately two thirds of the cerebrovascular disease burdens. 1 Accordingly, there has been a growing emphasis in national practice guidelines on the importance of preventing hypertension to reduce the public health burden of cardiovascular disease. 2 The National Health and Nutrition Examination Survey 1999 -2000 data estimated that 65 million individuals in the United States had hypertension, and that number was increasing. 3 Therefore, identifying risk factors for hypertension could lead to specific preventive interventions that may favorably affect public health.
Animal and human studies suggest a potential link between acid-base status and blood pressure (BP). 4 -8 For example, spontaneously hypertensive rats have lower serum bicarbonate concentrations and lower blood pH compared with control normotensive rats; these acid-base abnormalities precede the development of hypertension. 5, 6 This perturbation of acidbase status may arise from increased metabolic acid production. 7 Lower renal bicarbonate excretion after administration of sodium citrate was also observed in salt-sensitive men when compared with salt-resistant men. 4 More recent population-based studies are also consistent with the hypothesis that increased endogenous acid production results in higher BP. 9 -11 Contemporary Western diets contain acid precursors in excess of base precursors, which leads to chronic, low-grade metabolic acidosis. 12 This diet-dependent net acid load, which is called "estimated net endogenous acid production (NEAP)," 13 is known to be associated with diseases of bone mineralization. 14 However, its association with hypertension has never been explored. We prospectively examined the association between NEAP and the risk of incident hypertension among 87 293 women without a history of hypertension in the Nurses' Health Study II.
Methods

Study Population
The Nurses' Health Study II is an ongoing prospective cohort study of 116 430 female registered nurses that began in 1989. Participants are followed via biennial questionnaires that gather information on health-related behaviors and medical events. The follow-up for the cohort exceeded 90% through 2005. This study was approved by the institutional review board at Brigham and Women's Hospital. Receipt of each questionnaire implies participant's consent.
Women were excluded from this analysis if they died before 1991, had prevalent hypertension at baseline, were using BP-lowering medications at baseline but did not report a history of hypertension, or had cancer (except for nonmelanoma skin cancer) at baseline. The final study sample included 87 293 women.
Assessment of Diet-Dependent Net Acid Load
Semiquantitative food frequency questionnaires were used to measure dietary intake and were completed in 1991, 1995, 1999, and 2003 . Nutrient intakes were calculated by multiplying the frequency of intake by the nutrient content of the specified portion. Nutrient contents were obtained from the Harvard University food consumption database, which was derived from the US Department of Agriculture, manufacturers, and published reports. The reproducibility and validity of the questionnaire by women in a similar cohort (Nurses' Health Study I) has been documented, 15, 16 and a similar questionnaire has been shown to be valid and reproducible in men. 17 The diet-dependent net acid load was estimated by the formula described by Frassetto et al 18 
On the basis of work by Zwart et al, 19 we also used the ratio of animal protein intake to potassium intake (AP/K) as an alternative evaluation of diet-dependent net acid load: AP/Kϭanimal protein
The intakes of protein, animal protein, and potassium for the calculation were all adjusted for total energy intake by the residual method. 20 Potassium from supplements was not included in the calculation, because the vast majority was potassium chloride, which does not contribute to dietary-dependant acid load. Information on dietary intake of protein, animal protein, and potassium was updated every 4 years as participants returned subsequent food frequency questionnaires.
Assessment of Other Covariates
Body mass index (BMI; calculated as weight in kilograms divided by height in meters squared), physical activity (metabolic equivalent tasks), smoking status, and information on oral contraceptive use were ascertained on the 1991 questionnaire and updated every 4 years. Intakes of alcohol, sodium, calcium, magnesium, folate, and vegetable protein were ascertained and updated from the food frequency questionnaire. Except for intake of alcohol, nutrient values were adjusted for total energy intake by the residual method. 20 
Assessment of Hypertension
The baseline and biennial follow-up questionnaires inquired about physician-diagnosed hypertension and the year of diagnosis. Selfreported hypertension was found to be highly reliable in a similar cohort of nurses. 21 To validate hypertension self-report in the Nurses' Health Study II, we obtained relevant medical charts from a subset of randomly selected Nurses' Health Study II participants who self-reported a new diagnosis of hypertension on the 2005 biennial questionnaire, as well as randomly selected participants who denied this diagnosis in 2005 and in every previous year. The sensitivity of self-reported hypertension was 94%. The specificity of a nurse reporting no diagnosis of hypertension was 85% (unpublished data). In addition, self-reported hypertension was predictive of subsequent cardiovascular events. 21 A participant was considered to have prevalent hypertension if she reported this diagnosis on any questionnaire up to and including the 1991 questionnaire and, therefore, was excluded from the study. Incident cases included individuals who first reported hypertension on subsequent questionnaires and whose year of diagnosis was after the return of the 1991 questionnaires.
Statistical Analyses
Participants who did not return the 1991 questionnaire for this study were allowed to contribute person-time for later time intervals. Person-time was truncated at the date of hypertension diagnosis, at the date of death, at the date of cancer diagnosis (except for nonmelanoma skin cancer), at the first date of antihypertensive medication initiation in the absence of hypertension, or June 2005, whichever came first.
The estimated NEAP and AP/K were analyzed in deciles; deciles 2 to 3, deciles 4 to 5, deciles 6 to 7, and deciles 8 to 9 were merged because the distribution ranges were very narrow. Cox proportional hazards regression models 22 were used to estimate relative risks (RRs) and 95% CIs. ). Intake of vegetables protein (quintiles) was added to multivariable models of AP/K. To test whether estimated NEAP and AP/K (which are essentially interaction terms of dietary protein and potassium intake) influence hypertension risk independent of their individual components, we also adjusted our estimated NEAP-hypertension models for protein and potassium (both in quintiles) and our AP/Khypertension models for animal protein and potassium (both in quintiles). We determined P values for trend for each of the exposures of interest by using the median for each category.
We also investigated whether the association between dietdependent net acid load and hypertension varied according to age (Ͻ36 years or Ն36 years, the cohort median at baseline) and BMI (Ͻ25 kg/m 2 or Ն25 kg/m 2 ). Stratified multivariable analyses were performed, and appropriate interaction terms were generated to test whether interactions were statistically significant.
All of the P values are 2-tailed. Statistical tests were performed using SAS version 9.1 for UNIX statistical software package (SAS Institute Inc).
Results
Over the 14 years (995 239 person-years of follow-up), 15 385 incident cases of physician-diagnosed hypertension were reported (15.5 cases per 1000 person-years). Participant characteristics by categories of estimated NEAP are presented in Table 1 . Women with higher estimated NEAP had higher BMI, were less physically active, and had lower intakes of alcohol, folate, and magnesium. Past and current smoking were more common in lower estimated NEAP categories. Oral contraceptive use was more frequent among the higher categories of estimated NEAP.
After controlling for age, BMI, physical activity, and potassium intake, NEAP is positively correlated with protein intake (correlation coefficient: 0.96; PϽ0.001). NEAP is negatively correlated with potassium intake (correlation coefficient: Ϫ0.96; PϽ0.001) after controlling for age, BMI, physical activity, and protein intake.
Estimated NEAP was positively associated with the risk of incident hypertension in age-adjusted and multivariableadjusted analyses (Table 2) . Compared with those in the lowest decile of estimated NEAP, the multivariable RR of incident hypertension for those in the highest decile of estimated NEAP was 1.14 (95% CI: 1.05 to 1.24; P for trendϭ0.01). Additional adjustment for intakes of protein and potassium resulted in an RR of 1.23 (95% CI: 1.08 to 1.41; P for trendϭ0.003) for the top decile of estimated NEAP.
The Cox proportional hazards models for AP/K showed similar results (Table 3 ). The multivariable RR comparing those in the top decile with those in the bottom decile was 1.15 (95% CI: 1.06 to 1.25; P for trendϭ0.003). After adding intakes of animal protein and potassium to the model, the RR was 1.27 (95% CI: 1.09 to 1.47; P for trend Ͻ0.001) for the top decile of AP/K.
The association between estimated NEAP and risk of incident hypertension was greater among women with a BMI Ͻ25 kg/m 2 (P value for interaction Ͻ0.001). The multivariable RR for the top decile of estimated NEAP was 1.27 (95% CI: 1.00 to 1.62) among those with BMI Ͻ25 kg/m 2 and was 1.21 (95% CI: 1.02 to 1.43) among those with BMI Ն25 kg/m 2 . We did not observe effect modification by age (P value for interactionϭ0.88).
Discussion
In our prospective study of 87 293 women followed for 14 years, we found that a higher diet-dependent net acid load was independently associated with the risk of incident hypertension. The association remained significant after controlling for dietary factors, such as sodium, magnesium, calcium, folate, protein, and potassium. To the best of our knowledge, this is the first prospective study to report an association between dietdependent net acid load and the risk of incident hypertension.
Evidence from several rat models of hypertension and salt-sensitive humans indicates an association between acidbase status and hypertension. For example, plasma pH and bicarbonate were lower in spontaneously hypertensive rats than in normotensive rats, and these acid-base abnormalities preceded the development of hypertension. 5, 6 Metabolic studies demonstrated increased renal net acid excretion in Dahl/ Rapp salt-sensitive rats compared with their salt-resistant counterparts, which might be explained by increased endogenous acid production. 7 A metabolic study of 24 normotensive men by Sharma et al 4 demonstrated similar findings in humans. The renal bicarbonate excretion after administration of sodium citrate was markedly lower in the salt-sensitive compared with the salt-resistant men during both the low-salt and high-salt diets (reduced by 46% and 32%, respectively). Because those men had normal renal function and because the salt-sensitive men had comparatively lower arterial plasma pH and bicarbonate levels than the salt-resistant men, 8 the authors hypothesized that the decreased renal bicarbonate excretion was a compensation for increased endogenous acid production.
More recent data from population-based studies show that several metabolic indicators of "subclinical" metabolic acidosis are associated with increased BP. First, among Ͼ3000 
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participants of 3 large cohort studies, participants with hypocitraturia (Ͻ320 mg/d) were 2.5 times more likely to have prevalent hypertension than those without hypocitraturia. 11 Acid-base status is the dominant regulator of urinary citrate excretion. The lower urinary citrate could result from systemic acidosis, and the associated decrease in the intracellular pH of renal proximal tubular cells leads to increased reabsorption of the filtered citrate. 23 Second, a study of 5043 participants from National Health and Nutrition Examination Survey revealed that every 1-mEq/L increase in the serum anion gap was associated with a significant 0.48-mm Hg higher systolic BP independent of age, sex, BMI, and renal function. 10 This positive association between serum anion gap and higher BP has also been confirmed in a distinct cohort. 9 Our study suggests that NEAP estimated from diet is an independent risk factor of incident hypertension. Under ordinary physiological circumstances, composition of the diet is a major determinant of the daily NEAP, which, in turn, determines the degree of perturbation in systemic acid-base equilibrium. 18 The rate of sulfuric acid production from protein metabolism and the rate of bicarbonate generation from metabolism of intestinally absorbed potassium salts of organic acids are major components of the NEAP. 18 Thus, the diet-dependent net acid load could be predicted from the dietary protein and potassium, 13, 18 and NEAP is already known to adversely influence bone health in several studies. 14 Because the sulfur content of vegetable proteins is much more variable than that of animal proteins, 24 and because a recent study showed that the ratio of animal protein intake to potassium intake more consistently predicted directional changes in bone markers than the ratio of total protein intake to potassium intake, 19 we also used AP/K as an estimation of the diet-dependent net acid load. The results from AP/K were not materially different from results of estimated NEAP. The reason why estimated NEAP and AP/K showed similar results may stem from the lower between-person variability in vegetable protein intake compared with the higher variability in animal protein intake. Furthermore, because animal protein intake is a much larger contributor to total protein than vegetable protein, the estimated NEAP and AP/K were highly correlated (rϭ0.95; PϽ0.001). Along those lines, in the study of Frassetto el al, 18 the correlation of urinary sulfate excretion with animal protein content was only marginally stronger than with total protein content (rϭ0.88 compared with 0.84).
Dietary intake of protein itself has been reported to be associated with BP, and the direction of the association may depend on the amount and the type of protein consumed. 25 Higher potassium intake has also been associated with reduced BP in some studies. 26, 27 Because NEAP is essentially an interaction term of dietary protein and potassium intake, we further adjusted for intakes of protein and potassium in our models. The RRs were still significant, suggesting that NEAP is associated with the risk of hypertension even after controlling for intakes of protein and potassium. The estimated NEAP of the Dietary Approaches to Stop Hypertension diet 28 was 34.8 mEq/d, which is close to the median of the lowest category of the estimated Dietary Approaches to Stop Hypertension diet in the present study. Hence, low NEAP might be an alternative mechanism of the BP-lowering effect of the DASH diet.
In addition to the equation by Frassetto et al 13 used in the present study, there are also several other algorithms for estimating NEAP from the composition of the diet. Detailed data of diet composition and/or anthropometric data are needed for those algorithms, which limit their use in population-based studies, and there are no data suggesting the superiority of these algorithms. The equation by Frassetto et al 13 has been validated by renal net acid excretion, which is one of the best available estimates of NEAP. Importantly, the concept of the equation by Frassetto et al 13 makes it possible to develop simple dietary guidelines for regulating NEAP.
Our study has limitations. First, we relied on self-reported hypertension and did not directly measure the BP of our participants; however, all of the participants are registered nurses, and we demonstrated that hypertension reporting by participants of this cohort is highly sensitive. 21 Nonetheless, the specificity of hypertension reporting may have resulted in the misclassification of a few truly hypertensive individuals as being nonhypertensive controls; however, such misclassification would tend to diminish the magnitude of the odds ratio. Therefore, our findings may indeed be an underestimate of the true association. Second, despite the validity of our food frequency questionnaires to compute dietary intake, the instrument is imperfect and may result in some misclassifi- cation of estimated NEAP and AP/K. However, this type of misclassification is likely to be random, resulting in an RR closer to 1.0; thus, the true RR may in fact be larger than what we report. Third, our population was almost entirely white and exclusively female; thus our results may not be generalizable to other populations. Fourth, we do not have information on renal function, which plays a central role in acid-base homeostasis. However, a study in a subset of these participants indicated that the prevalence of renal dysfunction was vanishingly small. 29 In addition, we excluded women from our analysis who had hypertension at baseline. For these reasons, we doubt that renal dysfunction was sufficiently prevalent in this population to influence our results. Fifth, we lack data regarding potential metabolic indicators of increased NEAP, such as serum anion gap and bicarbonate. Finally, our study was observational; thus, we cannot exclude the possibility of residual confounding.
Perspectives
Our prospective analysis suggests that a higher dietdependent net acid load is independently associated with an increased risk of incident hypertension. Women eating "typical" American diets are already at increased risk for incident hypertension, and, thus, these results have substantial public health implications. Our findings should be tested in randomized trials to determine whether dietary interventions to reduce diet-dependent net acid load (eg, increase intake of foods that supply alkali, eg, fruits and vegetables; decrease intake of foods that have a high acid load, eg, meat and cheeses; and increase the ratio of potassium to protein in diets) or perhaps treatment with alkalizing supplements could reduce the risk of hypertension.
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